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One of t h e  p roduc t s  o f  many of t h e  c o a l  conversion processes  
now under  development is a porous semi-coke o r  char .  I n  t h e  course  o f  
work under  P r o j e c t  COED (Char g i l  Enerqy Development), c a r r i e d  o u t  by 
FMC Corpora t ion  under  snonsor sh ip  of t h e  O f f i c e  of  Coal Research of t h e  
U .  S.  Department of  t h e  I n t e r i o r ,  a process  has  been developed f o r  t h e  
d e s u l f u r i z a t i o n  of  such c h a r s .  The d e s u l f u r i z a t i o n  of  char  proceeds i n  
s e v e r a l  chemical s t e p s .  These a re :  i 

1. React ion of s u l f u r  s p e c i e s  wi th  hydrogen t o  form H2S. I 
2 .  D i f fus ion  of t h e  H 2 S  from t h e  c h a r  i n t o  t h e  bulk  gas .  
3. Absorpt ion o f  t h e  gaseous H 2 S  by an accep to r .  
4 .  Regenerat ion of t h e  a c c e p t o r  w i th  product ion  o f  

T h i s  paper t r e a t s . s t u d i e s  of t h e  f i r s t  t w o  s teps.  

by-product s u l f u r .  

A subsequent  
paper  d e s c r i b e s  t h e  accep tance  of  H2S under process  c o n d i t i o n s  and t h e  
r e g e n e r a t i o n  of t h e  H 2 S  accep to r .  

1 
t 

c Work by Conso l ida t ion  Coal Company(1. 5, e s t a b l i s h e d  t h a t  high- 
t empera tu re  hydrogenat ion  i s  e f f e c t i v e  i n  d e s u l f u r i z i n g  cha r s  from 
Pi t tsburgh-seam coals. Equ i l ib r ium iso therms f o r  t h e  exchange of  
s u l f u r  between gaseous hydrogen s u l f i d e  and s u l f u r  i n  t h e s e  chars w e r e  

0.5 p e r c e n t  hydrogen s u l f i d e  o r  less could  be expected.  However, k i n e t i c  
d a t a  and data on t h e  e f f e c t  o f  p rocess  v a r i a b l e s  such as p r e s s u r e ,  t e m -  
p e r a t u r e  and gas v e l o c i t y  w e r e  n o t  a v a i l a b l e .  Such d a t a  w e r e  needed t o  
de te rmine  t h e  t e c h n i c a l  and economic f e a s i b i l i t y  of  i n c o r p o r a t i n g  cha r  
d e s u l f u r i z a t i o n  i n t o  t h e  COED concept .  For  t h e s e  reasons ,  t h i s  exper i -  

measured. These i so the rms  i n d i c a t e d  t h a t  e q u i l i b r i u m  concen t r a t ions  of I 

menta l  program was under taken  t o :  

1. Demonstrate t h e  t e c h n i c a l  f e a s i b i l i t y  of  d e s u l f u r i z i n g  

2.  I d e n t i f y  t h e  impor tan t  p rocess  v a r i a b l e s  a s s o c i a t e d  

3 .  Obtain k i n e t i c  d a t a  f o r  t h i s  process .  

COED c h a r s  by  a high-temperature  hydrogenat ion p rocess .  

wi th  t h i s  p r o c e s s  s t e p .  

Experimental  Apparatus  

Th'e exper imenta l  system 'is shown i n  F igure  1. The reactor w a s  
a two-foot  s e c t i o n  o f  3/4- inch,  schedule  40, t ype  316, s t a i n l e s s  Steel 
p ipe .  A 22-inch long  thermowell  of l / l - i n c h  O.D. s t a i n l e s s  s teel  
t u b i n g  ran  up t h e  c e n t e r  of t h e  r e a c t o r .  A 14-mesh sc reen  was welded 
to t h e  thermowell  about  o n e  f o o t  from t h e  bottom of  t h e  r e a c t o r  t o  
s u p p o r t  t h e  char  bed. 

The r e a c t o r  w a s  mounted v e r t i c a l l y  i n  a one-foot- long t u b u l a r  
e l e c t r i c  furnace  (Basic P roduc t s  Corp.,  Model MK70). Power t o  t h e  
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fu rnace  w a s  c o n t r o l l e d  by an au to t ransformer .  
monitored by a chromel-alumel thermocouple. Reactor pressure w a s  
measured wi th  a gauge. 
a wet t e s t  meter i n  series,  and vented t o  t h e  atinosphere. Gas flow 
r a t e  and r e a c t o r  p re s su re  were c o n t r o l l e d  wi th  need le  v a l v e s  (1) and 
( 4 ) .  

The tempera ture  Was 

Off gases  w e r e  metered through a ro t ame te r  and 

Run Procedure 

A p lug  of ceramic wool was p o s i t i o n e d  on t o p  o f  t h e  suppor t  
s c reen .  Then a weighed sample cha r ,  from which t h e  minus 200-mesh 
p a r t i c l e s  had been s i eved ,  w a s  charged on t o p  o f  t h e  wool plug.  A 
second ceramic wool p lug  was placed on t o p  of t h e  bed t o  prevent any 
ca r ryove r  of f i n e s  i n t o  t h e  rest  of t h e  system. 

The r e a c t o r  was p o s i t i o n e d  i n  t h e  fu rnace  t o  l o c a t e  t h e  char  
bed i n  t h e  c e n t e r  o f  t h e  hea ted  zone. The thermocouple was i n s e r t e d  
i n t o  t h e  thermowell  t o  measure t h e  tempera ture  of t h e  bed. 

wi th  n i t r o g e n  be ing  purged through t h e  r e a c t o r .  
t empera ture  had been reached,  hydrogen was in t roduced  i n t o  t h e  system. 
T h i s  marked t h e  s t a r t  of t h e  r u n .  
a d j u s t e d  t o  t h e  d e s i r e d  l e v e l s .  T h e s e  ad jus tments  took less than  two 
minutes .  For t h e  two- and f ive-minute  runs ,  t h e  hydrogen rate was 
p r e s e t  a t  room tempera ture ,  so t h a t  t h e  d e s i r e d  c o n d i t i o n s  were 
a t t a i n e d  a t  tempera ture .  A f t e r  t he  run ,  t h e  r e a c t o r  w a s  d i sman t l ed ,  
and t h e  t r e a t e d  cha r  weighed and analyzed f o r  weight  p e r c e n t  s u l f u r .  

The furnace  and r e a c t o r  were brought  up t o  r e a c t i o n  temperature 

Gas f low rate and p r e s s u r e  were then  

A f t e r  t h e  d e s i r e d  

Char was o r i g i n a l l y  analyzed us ing  t h e  s t a n d a r d  Eschka method. 
Subsequent ly ,  ana lyses  w e r e  made us ing  an X-ray emiss ion  (XRS) method 
i n  o rde r  t o  exped i t e  o p e r a t i o n s .  Analyses of t h e  o f f  g a s  were 
a t tempted ,  b u t  c o n s i s t e n t  r e s u l t s  were n o t  ob ta ined .  

Devia t ions  between t h e  t w o  methods were random a s  t o  s i g n ,  and 
were w i t h i n  t h e  combined p r e c i s i o n  of  t h e  t w o  methods. The p r e c i s i o n  
of  t h e  Eschka method i s  5 0 . 1  p e r c e n t  s u l f u r ;  t h a t  o f  t h e  XRS t echn ique ,  
- + 0 . 0 5  pe rcen t .  

Crown ( I l l i n o i s  N o .  6-seam) c o a l .  The c h a r  had been processed  i n  t h e  
COED p rocess  development u n i t  a t  a maximum tempera ture  of 1600°F(2 ) .  
Tables  I t o  I11 a r e  compi la t ions  of t h e  p r o p e r t i e s  o f  t h i s  char  be fo re  
and a f t e r  t rea tment  wi th  hydrogen a t  1 6 O O O F .  The s u l f u r  c o n t e n t  of 
t h e  un t r ea t ed  char  i nc reased  wi th  dec reas ing  c h a r  p a r t i c l e  s i z e ,  a s  
d i d  t h e  a sh  c o n t e n t .  Th i s  is presumably t h e  r e s u l t  o f  a s imilar  d i s -  
t r i b u t i o n  of s u l f u r  and a sh  i n  t h e  c rushed  c o a l .  

The exper imenta l  program was c a r r i e d  o u t  u s i n g  c h a r  from 

The d i s t r i b u t i o n  of s u l f u r  between p y r i t i c  and o r g a n i c  forms 
i s  worthy of  n o t e .  About seventy  p e r c e n t  of t h e  s u l f u r  i n  t h i s  c h a r  
was p r e s e n t  a s  "organic"  s u l f u r .  Th i s  d i s t r i b u t i o n  i s  r easonab ly  
t y p i c a l  o f  c o a l s  of  t h e  I l l i n o i s  N o .  6-seam. The " p y r i t i c "  s u l f u r  
o r i g i n a l l y  p r e s e n t  i n  t h e  c o a l  has  been conve r t ed ,  d u r i n g  p y r o l y s i s ,  
t o  f e r r o u s  s u l f i d e ,  and/or p y r r h o t i t e  (Fe7Ss) .  The p y r i t e  i n  t h e  raw 
c o a l  from which t h e  c h a r  w a s  de r ived  w a s  p r e s e n t  as sma l l  p a r t i c l e s  
from 3 t o  2 5  microns i n  d iameter .  Microscopic examinat ion  showed t h a t  
t h e  bulk o f  t h e  p y r i t e  was p r e s e n t  i n  f i n e  v e i n s  of v a r y i n g  wid ths .  
The remainder was d i s t r i b u t e d ,  more o r  less a t  random, through t h e  
c o a l .  
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The d e s u l f u r i z a t i o n  t r ea tmen t  had l i t t l e  e f f e c t  on t h e  proper- 
t i e s  of t h e  char  o t h e r  t h a n  reducing  t h e  s u l f u r  and mois ture  con ten t s .  
Most d i f f e r e n c e s  i n  p r o p e r t i e s  between t r e a t e d  and u n t r e a t e d  c h a r s  are 
w i t h i n  t h e  range of sampl ing  e r r o r .  

Because o f  t h e  dependence of t o t a l  s u l f u r  c o n t e n t ,  and presum- 
a b l y  a l s o  of i no rgan ic /o rgan ic  s u l f u r  r a t i o  on p a r t i c l e  s i z e ,  feed  
p r e p a r a t i o n  and sampl ing  were c r i t i c a l .  Run f eeds  w e r e  p repared  from 
l a r g e  samples by m u l t i p l e  pas ses  through a sample splitter. I n  
g e n e r a l ,  o n l y  cha r  from which t h e  minus 200-mesh f r a c t i o n  had been 
removed w a s  used. Wi th in  any group o f  f eed  samples from a p a r e n t  
ba t ch ,  t h e  s t a n d a r d  e r r o r  due to  sampling w a s  5 0.13 weight pe rcen t  
s u l f u r .  From one mas te r  b a t c h  t o  ano the r ,  f a r  l a r g e r  d e v i a t i o n s  w e r e  
encountered .  

RESULTS 

I n i t i a l  work w a s  d i r e c t e d  a long  l i n e s  sugges ted  by preceding  
i n v e s t i g a t i o n s ( l r 5 ) .  The v a r i a b l e s  i n v e s t i g a t e d  were: 

1. Temperature. 

2. H2S c o n c e n t r a t i o n .  

3. Char p a r t i c l e  s i z e .  

4 .  Scale-up. 

E f f e c t  of Temperature  

A graph o f  l o g  p e r c e n t  s u l f u r  removed from t h e  cha r  versus  
r e c i p r o c a l  tempera ture  i s  shown i n  F igu re  2 .  R u n s  were made a t  v a r i o u s  
t empera tu res  a t  c o n s t a n t  c o n d i t i o n s  o f  p r e s s u r e ,  t i m e  and weight-space 
v e l o c i t y  ( lb.  H 2  pe r  h r .  p e r  l b .  c h a r ) .  These d a t a  c l e a r l y  do not  have 
t h e  s i g n i f i c a n c e  of a normal Arrhenius  p l o t .  They merely s e r v e  t o  p o i n t  
o u t  t h a t  t h e  r a t e  of d e s u l f u r i z a t i o n  is no t  p a r t i c u l a r l y  in f luenced  by 
tempera ture  a t  t e m p e r a t u r e s  above 1600'F. A t  lower t empera tu res ,  the 
rate o f  d e s u l f u r i z a t i o n  d e c r e a s e s .  

E f f e c t  o f  Hydrogen S u l f i d e  

I t  h a s  been r e p o r t e d ( 1 )  t h a t  H2S c o n c e n t r a t i o n  is t h e  most 
impor t an t  v a r i a b l e  i n  t h e  d e s u l f u r i z a t i o n  of  c h a r  w i t h  hydrogen. 
Consequently,  t w o  hydrogen su l f ide-hydrogen  mix tu res  w e r e  p repared  
w i t h  H2S c o n t e n t s  of 1 .6  and 3 . 2  volume p e r c e n t .  The r e s u l t s  from 
runs  u s i n g  t h e s e  m i x t u r e s  are shown i n  Tab le  I V .  R u n s  made wi th  pu re  
hydrogen are p resen ted  f o r  comparison. I t  i s  e v i d e n t  t h a t  1 . 4  pe rcen t  
H2S is  s u f f i c i e n t  t o  i n h i b i t  t h e  r e a c t i o n  s e v e r e l y  and t h a t  3 . 2  percen t  
HzS may b e  enough t o  r e v e r s e  t h e  r e a c t i o n .  
l i t t l e  a s  0 . 2  p e r c e n t  hydrogen s u l f i d e  can  cause  a 1 0  t o  40 p e r c e n t  
r e d u c t i o n  i n  d e s u l f u r i z a t i o n  rate. 

Prev ious  work sh0we.d t h a t  as 

E f f e c t  o f  Particle S i z e  

I n  the c z s e  of bu lk  d i f f u s i o n a l  mechanisms, r e a c t a n t  p a r t i c l e  
s i z e  i s  an  impor tan t  v a r i a b l e .  To determine  t h e  e f f e c t  of p a r t i c l e  
s i z e ,  a sample of p l u s  28-mesh c h a r  ( d  > 0 . 0 2 3 4  i n . )  w a s  s i e v e d  from 
COED cha r .  A p a r t  o f  t h i s  sample was then  ground w i t h  a mor ta r  and 
p e s t l e  to p a s s  through 2 0 0  mesh (d (0.0029 i n . ) .  Both samples were 
given i d e n t i c a l  d e s u l f u r i z a t i o n  t r e a t m e n t s .  

I 

I 
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The r e s u l t s  from t h e  runs  w i t h  s i z e d  c h a r  are g iven  i n  Table V. 
A t  a l l  c o n d i t i o n s ,  d i f f e r e n c e s  i n  r e s i d u a l  s u l f u r  between t h e  p l u s  28-  
and t h e  minus 200-mesh c h a r  are w i t h i n  expe r imen ta l  u n c e r t a i n t i e s .  
Thus, t h e  d e s u l f u r i z a t i o n  p rocess  appea r s  t o  be independent  of p a r t i c l e  
s i z e .  Runs made w i t h  t h e  e n t i r e  s i z e  d i s t r i b u t i o n  show less r e s i d u a l  
s u l f u r  t han  e q u i v a l e n t  runs  w i t h  s i z e d  c h a r .  Th i s  may be due t o  t h e  
n a t u r e  o f  t h e  s u l f u r  i n  t h e  p l u s  28-mesh f r a c t i o n  used  f o r  t h e  s i z e d  
runs .  

E f f e c t  of  Scale-up 

Eighty  p e r c e n t  d e s u l f u r i z a t i o n s  w a s  ach ieved  i n  t h e  3/4-inch 
reactor system a t  16OO0F., 1 1 5  p s i a ,  weight-space v e l o c i t y  of 0 . 9 ,  
and 1-hour r e a c t i o n  t i m e s  f o r  10-gm. c h a r  cha rges .  A l a r g e r  r e a c t o r  
of  2-inch schedu le  80  s t a i n l e s s  s teel  p ipe  was f a b r i c a t e d  and r ep laced  
t h e  3/4-inch r e a c t o r  i n  t h e  d e s u l f u r i z a t i o n  system shown i n  F igu re  1. 

weight-space v e l o c i t i e s  of  0.29 to  0 .65 .  React ion  t i m e s  of 3 t o  6 
hours  were r e q u i r e d  t o  ach ieve  70 t o  80 p e r c e n t  d e s u l f u r i z a t i o n .  S ince  
t h e  space  v e l o c i t y  had been p rese rved  i n  t h e s e  r u n s ,  t h e  long  r e a c t i o n  
t i m e s  needed w e r e  s u r p r i s i n g .  Because t h i s  r e s u l t  sugges t ed  t h a t  t h e  
system was more complex t h a n  expec ted ,  an  e x t e n s i v e  expe r imen ta l  pro- 
gram was formula ted .  

The expanded program was formula ted  i n  terms of t h e  var iables  

The r e a c t o r  was run  w i t h  a charge  o f  100 grams of c h a r  a t  

of s u p e r f i c i a l  v e l o c i t y ,  U, vo lumet r i c  space  y e l o c i t y ,  Sv, and p res su re ,  
P .  The program was o r i g i n a l l y  planned as a 2 f a c t o r i a l  d e s i g n  wi th  a 
midpoint.  I t  tu rned  o u t ,  however, t h a t  it w a s  imposs ib l e  t o  achieve  
two of t h e  des ign  c o n d i t i o n s .  

The expe r imen ta l  d e s i g n  i s  shown i n  Tab le  V I .  Runs were made 
f o r  t i m e  pe r iods  of  2 ,  5 ,  15,  30, 45, and 90 minutes.  A number o f  
r e p l i c a t e s  w e r e  made. 

The r e s u l t s  of  t h e  expanded series o f  exper iments  a r e  p re sen ted  
i n  F igu re  3 as p e r c e n t  r e s i d u a l  s u l f u r  v e r s u s  t i m e . ,  Some g e n e r a l  
conc lus ions  t h a t  can b e  drawn from t h e s e  f i g u r e s  are: 

1. The most s i g n i f i c a n t  v a r i a b l e  i n  t e r m s  of t h e  shape  and 
p o s i t i o n  o f  t h e  cu rves  is bed h e i g h t  ( + V I  -Sv d i a g o n a l ) .  
Curves 1, 2 ,  4 ,  5 and 7 on F igu re  3 (H = 0.158 f t . )  are 
s i m i l a r  b u t  d i f f e r  s i g n i f i c a n t l y  from cu rves  3 and 6 (H = I 

0.632 f t . ) .  

2 .  Three regimes o f  d e s u l f u r i z a t i o n  seem t o  e x i s t :  

a .  

b.  

C. 

An almost i n s t a n t a n e o u s  o r  " f l a s h "  d e s u l f u r i z a t i o n  
t o  40 t o  60 p e r c e n t  r e s i d u a l  s u l f u r  i n  t h e  sha l low 
beds (Runs 1, 2 ,  4 ,  5 and 7 )  and 60 t o  70  p e r c e n t  
r e s i d u a l  s u l f u r  i n  t h e  deep beds (Runs 3 and 6 ) .  
Th i s  f l a s h  t a k e s  p l a c e  i n  less t h a n  t w o  minu tes .  

A slower b u t  s t i l l  a p p r e c i a b l e  d e s u l f u r i z a t i o n  rate 
t o  10  t o  15  p e r c e n t  r e s i d u a l  s u l f u r .  I n  t h e  sha l low 
beds t h i s  took abou t  45 minutes ,  w h i l e  i n  t h e  deep 
beds s u l f u r  w a s  s t i l l  b e i n g  evolved  a f t e r  90 minutes .  

N e g l i g i b l e  d e s u l f u r i z a t i o n  a f t e r  a r e s i d u a l  s u l f u r  
c o n t e n t  o f  1 0  t o  1 5  p e r c e n t  is reached .  
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The da ta  do n o t  l e n d  themselves  r e a d i l y  t o  s imple q u a n t i t a t i v e  
t r ea tmen t .  Indeed,  i n  a complex, heterogeneous m a t e r i a l  such a s  c o a l  
cha r ,  it would b e  n a i v e  t o  e x p e c t  o therwise .  A s  is noted  above, t h e r e  
appear  t o  be s e v e r a l  d i s t i n c t l y  d i f f e r e n t  r eg ions  o f t h e  curves .  

D I S C U S S I O N  OF RESULTS 

General  

Much of t h e  p r i o r  work on t h e  d e s u l f u r i z a t i o n  of  cokes and coal 
c h a r s  has l e d  t o  t h e  conc lus ion  t h a t  t h e  r e a c t i o n  of  hydrogen wi th  
s u l f u r  i n  t h e  c h a r  t o  form H2S is  a r e v e r s i b l e  p rocess  a t  h igh  temper- 
a t u r e s .  I n  c o a l s  and presumably i n  c o a l  cha r s  as w e l l ,  t h e r e  a r e  a 
wide v a r i e t y  of s u l f u r - c o n t a i n i n g  s p e c i e s .  These i n c l u d e  t h e  fo l lowing  
types  of chemical  s t r u c t u r e s :  

I 

Ino rgan ic  S u l f u r  FeS, FeS2 

f\ Thioph in ic  S u l f u r  

Me r cap t a n s  H-S-C 

Thioe the r s  c-s-c 
D i s u l f i d e s  c-s-s-c 

Presumably some s u l f u r  s p e c i e s  a r e  a l s o  adsorbed on t h e  c h a r  s u r f a c e .  I 
Because a v a r i e t y  o f  forms o f  s u l f u r  a r e  involved ,  n o  simple e q u i l i b -  f 
rium expres s ion  can  b e  used.  

A t  a g iven  t o t a l  p r e s s u r e ,  t h e  e q u i l i b r i u m  between HzS and 
s u l f u r  i n  c h a r  can  be expres sed  as an " i n h i b i t i o n  isotherm".  This  is  
a p l o t  of t h e  H2S t o  hydrogen r a t i o  i n  t h e  gas  v e r s u s  s u l f u r  concen- 
t r a t i o n  i n  t h e  c h a r .  A t y p i c a l  i so therm f o r  s u l f u r  i n  a c h a r  from 
Arkwright c o a l  (P i t t sburgh-seam)  i s  shown i n  F igu re  4A. 

COED c h a r  from Crown c o a l .  This  i so therm has  been syn thes i zed  from 
t h e  two measurements on i n h i b i t i o n  o f  t h e  r e a c t i o n  by H2S (Table  IVl t  
and from a n  e s t i m a t e  o f  t h e  FeS c o n t e n t  based on t h e  p y r i t i c  s u l f u r  
c o n t e n t  of t h e  f e e d  c o a l .  Region I cor responds  t o  about  60 pe rcen t  Of 
t h e  t o t a l  s u l f u r  i n  the form o f  r e l a t i v e l y  e a s i l y  removable o rgan ic  
s u l f u r  w i th  e q u i l i b r i u m  gas-phase c o n c e n t r a t i o n s  i n  excess of 0 .3  
p e r c e n t  hydrogen s u l f i d e .  Region I1 cor responds  t o  about  30 p e r c e n t  
of  t h e  t o t a l  s u l f u r  i n  t h e  form of  i n o r g a n i c  s u l f i d e s  (FeS) wi th  an  
e q u i l i b r i u m  c o n c e n t r a t i o n  of 0 . 3  p e r c e n t  hydrogen s u l f i d e .  Region 111 
corresponds  t o  abou t  1 0  p e r c e n t  of  t h e  t o t a l  s u l f u r ,  i n  t h e  form of  
o r g a n i c  s u l f u r ,  s u l f a t e  s u l f u r ,  and stable i n o r g a n i c  s u l f i d e s  ( cas )  I 
with  e q u i l i b r i u m  c o n c e n t r a t i o n s  less than  0 .3  p e r c e n t  hydrogen s u l f i d e  . 
The i so the rm i s  probably  n o t  l i n e a r  i n  t h i s  r eg ion  since l i t t l e  Of 
t h i s  s u l f u r  i s  removed b y  prolonged hydrogenat ion .  

s t r a i g h t  l i n e  because o n l y  two expe r imen ta l  p o i n t s  were a v a i l a b l e .  
The shape o f  F igure  4A shows t h a t  t h i s  is a r easonab le  approximation.  
The e q u i l i b r i u m  c o n c e n t r a t i o n s  of hydrogen s u l f i d e  over  COED c h a r  i n  

I 

I 

Figure  4B i s  an  i n h i b i t i o n  i so the rm f o r  t h e  d e s u l f u r i z a t i o n  Of 

I 

I 

The i n h i b i t i o n  i so the rm i n  Region I was assumed to be a 
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this region are significantly lower than those reported for char from 
Pittsburgh-seam coal (Figure 4 A ) .  

An equilibrium hydrogen-sulfide concentration of 0 . 3  percent 
was assumed in Region 11. This figure was reported as the e uilibrium 

The 
length of the FeS plateau (Region 11) is fixed by the pyritic sulfur 
content of the char. 

concentration over FeS for Pittsburgh-seam char (Figure 4A) ( 9 ) .  

Equilibrium Desulfurization 

Given the existence of a reversible desulfurization reaction, 
the simplest model of the desulfurization process in a well-mixed bed 
is one assuming that the off ases are always in equilibrium with the 
sulfur in the bed of solids(37 . 
computed from the weight-space velocity of hydrogen through the bed and 
from the inhibition isotherm. 

The rate of desulfurization can be 

For the system defined below, where the flow rate of gases 
leaving the bed is N moles/hr. containing Y mole fraction H2S, the rate 
of sulfur removal is NY. 

N moles H2 + H2S/hr. 
Y = H2S content, mole fraction 

Reactor - V = cu.ft. bed volume 
s = sulfur content in 

solids, wt. fraction 
W = lb. of char 

sulfur 
M, = molecular weight of 

N moles H2/hr. 
' -  $ Y = O  . 

Figure 5 

Neglecting the sulfur content of the gases in the reactor at 
any instant, 

for any arbitrary equilibrium expression relating s and Y, 

Y = f(s) 

this expression may be integrated 

SO ( 2 )  
t = ds , where t = time 

N-M, of desulfurization, 
hr . 
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N. 9i2 
The weight s p a c e  v e l o c i t y ,  Sw, - , 

W s i m p l i f i e s  to  

1 t = -  
1 6  Sw 

The fo l lowing  e q u i l i b r i u m  
iso therm i n  Figure 4 B .  

0 < s d 0.0035, 

0 . 0 0 3 5  < s 6 0.0130, 

0.0130 < S I  

r e l a t i o n s h i p  

Y = 0.865 s 

Y = 0.0030 

Y = 1.153 - 

The equ i l ib r ium d e s u l f u r i z a t i o n  curves  

so t h a t  Equat ion ( 2 )  

(3 )  

d e s c r i b e s  t h e  i n h i b i t i o n  I 

( 4 )  

(5) 

0.0118 ( 6 )  I 

c a l c u l a t e d  from 
Equat ions  ( 4 )  , (5 )  , and ( 6 )  f o r  s i x  of t h e  c o n d i t i o n s  s t u d i e d  a r e  
p l o t t e d  i n  Figure 6 .  Weight-space v e l o c i t y  i s  t h e  only parameter  
he re ,  so  t h a t  t w o  cu rves  s u f f i c e  fo r  a l l  s i x  sets o f  d a t a .  The s o l i d  
l i n e s  i n  Figure 6 a r e  t h e  p r e d i c t i o n s  o f  t h e  e q u i l i b r i u m  model. The 
dashed l i n e s  i n d i c a t e  t h e  approximate cour se  of  t h e  d a t a .  Th i s  com- 
p a r i s o n  shows q u i t e  c l e a r l y  t h a t  t h e  e q u i l i b r i u m  model i s  only  v a l i d  
f o r  t h e  removal o f  t h e  f i r s t  f o r t y  t o  f i f t y  p e r c e n t  of t h e  s u l f u r  i n  
sha l low beds .  This  would correspond t o  t h e  f i r s t  s t e p  o r  f l a s h  
removal o f  s u l f u r  mentioned p rev ious ly .  

Non-Equilibrium D e s u l f u r i z a t i o n  
I 

Qui te  c l e a r l y ,  t h e  e q u i l i b r i u m  d e s u l f u r i z a t i o n  model beg ins  t o  
break  down when f i f t y  t o  s i x t y  pe rcen t  o f  t h e  s u l f u r  has  been removed 
from t h e  cha r .  I n t e r e s t i n g l y ,  t h i s  cor responds  t o  t h e  p o i n t  a t  which 
most o f  t h e  o rgan ic  s u l f u r  has  been removed, and only  f e r r o u s  s u l f i d e  
and t h e  " i r removable"  s u l f u r  remain i n  t h e  cha r .  

The r e a c t i o n  of  t h e  f e r r o u s  s u l f i d e  could  p o s s i b l y  be l i m i t e d  
by a number o f  d i f f u s i o n a l  s t e p s  a s  w e l l  a s  by t h e  k i n e t i c s  of t h e  
r e a c t i o n  i t s e l f .  I t  w i l l  be r e c a l l e d ,  however, t h a t  c h a r  p a r t i c l e  
s i z e  had l i t t l e  o r  no e f f e c t  on t h e  d e s u l f u r i z a t i o n  r a t e .  F r o m  t h i s  
it i s  concluded t h a t  boundary l a y e r  d i f f u s i o n ,  and bulk  d i f f u s i o n  
w i t h i n  t h e  c h a r  s t r u c t u r e  a r e  n o t  impor tan t  l i m i t i n g  s t e p s .  
weak tempera ture  dependence s i m i l a r l y  s u g g e s t s  t h a t  chemical e f f e c t s  
are n o t  l i m i t i n g .  

The very 

While d i f f u s i o n  through t h e  c h a r  is n o t  l i m i t i n g ,  i t  i s  
c e r t a i n l y  p o s s i b l e  t h a t  d i f f u s i o n  through t h e  s h e l l  of i r o n ,  which 
would sur round a p y r i t e  p a r t i c l e  be ing  d e s u l f u r i z e d ,  might be a 
s i g n i f i c a n t  s t e p  i n  l i m i t i n g  t h e  rate of r e a c t i o n .  

showing t h a t  t h i s  e x p l a n a t i o n  is q u a l i t a t i v e l y  i n  accord  wi th  t h e  
observed  d e s u l f u r i z a t i o n  d a t a .  Q u a n t i t a t i v e  v e r i f i c a t i o n  of t h e  model I 

would r e q u i r e  d e t a i l e d  knowledge of t h e  d i s t r i b u t i o n ,  shape ,  and s i z e  
of t h e  f e r r o u s  s u l f i d e  w i t h i n  t h e  c h a r .  Such informat ion  i s  n o t  a v a i l -  
a b l e .  Indeed,  t h e  i n f o r m a t i o n  a v a i l a b l e  concern ing  t h e  p y r i t e  i n  the  
c o a l  is very  p re l imina ry  and q u i t e  c rude .  

The fo l lowing  d i s c u s s i o n  is p resen ted  wi th  t h e  o b j e c t i v e  of I 
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f o r  the purposes  o f  t h e  i n i t i a l  a n a l y s i s ,  t h e  f e r r o u s  s u l f i d e  
p a r t i c l e s  a r e  assumed t o  be  approximateLy s p h e r i c a l .  Cons ider ing  t h e  
very  l o w  p a r t i a l  p r e s s u r e  of  H2S  over FeS under p rocess  cond i t ions ,  a 
pseudo s t e a d y - s t a t e  t r ea tmen t  should  be  q u i t e  adequate .  The p h y s i c a l  
s i t u a t i o n  is  i l l u s t r a t e d  i n  F igure  7. The governing d i f f e r e n t i a l  
equa t ion  is: 

Where Ns i s  t h e  r a t e  of  s u l f u r  removal from t h e  p a ' r t i c l e  and C is t h e  
concen t r a t ion  of  H2S i n  t h e  gas ,  E i s  t h e  p o r o s i t y ,  p8 t h e  d i f f u s i v i t y  
of  HzS, and T is t h e  t o r t u o s i t y  i n  t h e  d i f f u s i o n  b a r r i e r .  I n  t h e  ca se  
i n  q u e s t i o n ,  C ,= 0 a t  Ro, t h e  o u t e r  s u r f a c e  of t h e  p a r t i c l e ,  and 

Ns E 4 r R 2  dR (-) 
where pFeS and MFeS are t h e  d e n s i t y  and molecular  weight  Of f e r r o u s  
s u l f i d e .  

The pseudo s t e a d y - s t a t e  a l lows  us  t o  t r e a t  t h e  i n n e r  boundary 
as  s t a t i o n e r y ,  i n  i n t e g r a t i n g  Equat ion ( 7 ) .  The i n t e g r a t e d  form can 
then  be i n t e g r a t e d  i n  t h e  t i m e  domain. The r e s u l t  is :  

Th i s  , s o l u t i o n  is shown i n  F igure  8 .  

The s t o i c h i o m e t r i c  v a r i a b l e  o f  i n t e r e s t  is  the f r a c t i o n  
unreac ted .  Th i s  f r a c t i o n  ! i s  shown a s  a f u n c t i o n  of t i m e  i n  Figure 8 

on a r i t h m e t i c  coord ina te s  ."O 

Figure  9 i s  a s y n t h e t i c  d e s u l f u r i z a t i o n  experiment  i n  which t h e  
f i r s t  55 pe rcen t  of t h e  s u l f u r  i s  removed by t h e  e q u i l i b r i u m  mechanism, 
and t h e  l a s t  1 0  pe rcen t  i s  " i r removable" .  The d a t a  f o r  exper imenta l  
c o n d i t i o n  5 w e r e  superimposed by t r i a l  and e r r o r  on t h e  same o r d i n a t e .  
From t h e  comparison of  t h e s e  p o i n t s  w i th  t h e  cu rve ,  i t  i s  apparent  t h a t  
t h e  above exp lana t ion  i s  c o n s i s t e n t  w i th  t h e  observed cu rve  shape,  
p a r t i c u l a r l y  when one r e a l i z e s  t h a t  t h e r e  w i l l  be a d i s t r i b u t i o n  of  
p a r t i c l e  s i z e s  i n  t h e  cha r .  I t  remains,  now to  de termine  whether t h e  
group ( 6  E t / R o 2 T 2 )  is of reasonable  magnitude. 

t h e  i n i t i a l  s u l f u r  w a s  1 8  minutes ,  o r  1080  sec .  The p o r o s i t y ,  E ,  
should  be about  0 . 6 ,  and t h e  t o r t u o s i t y  T i s  probably about  2 .  Taking 
Ro a s  0 . 0 0 1  c m ,  one c a l c u l a t e s  a & o f  -10-3 &. 
r easonab le  i f  t h e  d i f f u s i o n  through t h e  r e a c t e d  s h e l l  i s  i n  t h e  Knudsen 
o r  t r a n s i t i o n  regime. 

v e r i f i c a t i o n  of t h e  r a t e  l i m i t i n g  s t e p  proposed h e r e  must awa i t  a t es t  
o f  t h e  theory  on a d i f f e r e n t  h igh  s u l f u r  c h a r ,  p r e f e r a b l y  one which 
has  been processed  through a COED u n i t .  

I n  t h e  r e a l  c a s e ,  t h e  t i m e  r e q u i r e d  t o  achieve  20  pe rcen t  of  

This  f i g u r e  i s  
sec 

The agreement may, however, be pu re ly  f o r t u i t o u s .  Fu r the r  
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Conclusions 

The e q u i l i b r i u m  n a t u r e  of  t h e  removal of  t h e  f i r s t  50 t o  60 
p e r c e n t  of  t h e  s u l f u r  seems reasonably  w e l l  e s t a b l i s h e d .  There are 
f a i r l y  w i d e  d e v i a t i o n s  which a r e  probably a combinat ion of  i n t e r n a l  
d i f f u s i o n a l  e f f e c t s  and exper imenta l  t echnique .  The procedure w a s  
des igned  f o r  runs of  15  minutes o r  l onge r .  Random e r r o r s  would be 
expec ted  t o  be h igh  f o r  t h e  2-minute and 5-minute runs .  The i n h i b i t i o n  
i so the rm f o r  t h i s  c h a r  is only  poor ly  e s t a b l i s h e d ,  b u t  it i s  ev iden t  
t h a t  t h i s  exp lana t ion  is i n  gene ra l  agreement wi th  t h e  d a t a .  The f a c t  
t h a t  t h i s  exp lana t ion  f a i l s  a t  about  50 p e r c e n t  s u l f u r  removal is  also 
w e l l  e s t a b l i s h e d .  

I 

I n  t h e  r eg ion  of 50 t o  90  p e r c e n t  s u l f u r  removal,  i t  is e v i d e n t  
t h a t  e l e v a t e d  hydrogen p r e s s u r e  i n c r e a s e s  t h e  r a t e  of  s u l f u r  removal. 
T h i s ,  however, i s  c o n s i s t e n t  wi th  most p o s s i b l e  r a t e - c o n t r o l l i n g  s t e p s .  
Bed depth  i s  the  only  o t h e r  v a r i a b l e  t h a t  has  a s t r o n g  e f f e c t .  I n  fact ,  / 
bed depth  i s  by f a r  t h e  most s i g n i f i c a n t  v a r i a b l e .  Had t h e  experiments  ' 
been conducted i n  f i x e d  beds ,  t h i s  would no t  have been so s u r p r i s i n g .  
The experiments  w e r e  c a r r i e d  o u t  under c o n d i t i o n s  where t h e  beds were 
f l u i d i z e d ,  however. I t  appears ,  t h e r e f o r e ,  t h a t  t h e r e  must have been 
a s i g n i f i c a n t  degree  o f  r eabso rp t ion  of s u l f u r  w i t h i n  t h e  four- inch bed 
t o  account  f o r  t h e  observed  r e s u l t s .  This  also raises t h e  q u e s t i o n  as 
t o  whether  t h e  one-inch bed was t r u l y  a d i f f e r e n t i a l  bed. I f  n o t ,  t h e  
observed r a t e s  may be s lower  than those  ach ievab le  i n  t h e  presence  of 
an a c c e p t o r  i n t i m a t e l y  mixed wi th  t h e  char .  The r e s u l t s  o f  experiments  
i n  t h e  presence o f  H2S a c c e p t o r s  sugges t  t h a t  t h i s  is so. 

I 

From t h e  expe r imen ta l  r e s u l t s ,  i t  is appa ren t  t h a t  a s i g n i f i c a n t  
f r a c t i o n  of  t h e  s u l f u r  c o n t e n t  of  I l l i n o i s  N o .  6 c h a r ,  produced by t h e  I 
COED p r o c e s s ,  can be removed i n  c o n t a c t  t i m e s  which are i n d u s t r i a l l y  I 
r e a l i z a b l e .  I t  i s  e q u a l l y  e v i d e n t  t h a t  t h e  hydrogen atmosphere becomes 
s a t u r a t e d  w i t h  t h e  a d d i t i o n  of  very  l i t t l e  hydrogen s u l f i d e .  Hence, 
e i ther  v a s t  amounts of hydrogen must be  c i r c u l a t e d  a t  h igh  tempera ture ,  

1 6 O O O F .  and a t  ve ry  low p a r t i a l  p r e s s u r e s .  T h i s  l a t t e r  approach seems 
by f a r  t h e  more f e a s i b l e .  

o r  a material must be mixed wi th  t h e  c h a r  which w i l l  absorb  H2S a t  / 

/ 

i 
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Nomenclature 

C Concent ra t ion  (moles/cm3) 
Co Equi l ibr ium Concentrat ion 
& Diffus ion  C o e f f i c i e n t  (cm*/sec) 
f I n h i b i t i o n  i so therm (mole f r a c t i o n )  
pll 

N 

NS 
P 

r 
R 
RO 

S 

SV 

S W  
t .  
U 
W 
Y 

E 

P 
T 
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TABLE I 

ANALYSIS OF CROWN CHAR 

BEFORE AFTER 

TREATMENT TREATMENT 

PROXIMATE, wt. K 
MOISTURE 4.4 2.5 
VM 
FC 71.4 76.0 
ASH 16.6 15.6 

ULTIMAlE,Wt. %,dry 
C 76.8 
H 1.4 
N 1.2 

3. I S - 
0 0. I 
ASH 17.4 

1.5 - 

TABLE I1 

ANALYSIS OF' 

CROWN CHAR FEED 

I SIEVE SIZE, I W T  K 1 W 1 . K  S I 
TYLER MESH ON SIEVE IN FRACTION 

I O 0  20 3.14 

SULFUR SPECIES 
ORGANIC 68 % 
INORGANIC (PYRITIC) 29 % 
SULFATE 3% 

I 

I 

: I 
' I  

I 

I 



TABLE I11 

BULK DENSITY, I b/cu ft 

PARTICLE DENSITY, gmkc 

PORE VOLUME, cc/gm 

SURFACE AREA, M2/gm 

MEAN MACRO- 
PORE DIAM.,& 

I 

BE FORE 
TREATMENT 

20.7 

I .08 

0.32 

I 2 3  

5 

\ 

PHYSICAL PROPERTIES OF 

CROWN CHAR . 

AFTER 
TREATMENT 

2 0.7 

I .01 

0.35 

114 

4.5 

TABLE IV 

EFFECT OF H,S ON DESULFURIZATION 

AT 1600OF AND 115PSlA 

INLET H2S, REACTION TIME, PERCENT S 
VOL % HR. REMAIN I NG 

0 I 12 
0 2 22 

1.6 2 72 



TABLE V 

SIZE 
FRACT. 

+ 28 - 200 
t 28 
- 200 

+ 28 - 200 

- 

EFFECT OF PARTICLE SIZE 

ON DESULFURIZATION AT 

1600 OF ,ISPSIA 

TIME, SUPERFICIAL RESIDUAL 
MIN. VELOCITY, SULFUR, 

f t/sec. X OFORlG 

5 0.53 68 
5 0.51 66 

15 0.52 43 
15 0.56 46 

IO 0.22 65 
IO 0.19 72 

TABLE ?U 

DESULFURIZATION EXPERIMENTAL DESIGN 

LOW MID. HIGH 

SUPERFICIAL VEL, f+/sec. 0.5 I .o 2 .o 
PRESSURE, psi0 15 - 30 60 

VOLUMETRIC SPACE VEL, hr-' 11,150 22.300 44.600 

t LOG P 

/LOG u 

I 

I 

. , I ,  

I 

. ,  
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FIGURE 1 

CHAR DESULFURIZATION SYSTEM 
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FIGURE 2 

EFFECT OF TEMPERATURE ON 
DESULFURIZATION 



PERCENT SULFUR vs TIME FOR THE FACTORIAL DESIGN 
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FIGURE 4 

INHIBITION ISOTHERMS FOR CHAR DESULFURIZATION 
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FIGURE 7 

PSEUDO STEADY-STATE DIFFUSION 
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FIGURE 8 

DIFFUSION THROUGH A REACTED SHELL 
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F'IGURE 9 

COMPARISON OF REAL AND HYPOTHETICAL 

DESULFURIZATION CURVES 
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